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ABSTRACT 

RNA interference (RNAi) is a natural, sequence-specific gene regulation mechanism triggered by 

double-stranded RNA (dsRNA), leading to translation inhibition or transcriptional repression. Scientists 

have harnessed RNAi and Antisense RNA technologies to manipulate gene expression in crop plants, 

offering a new frontier in plant biotechnology. RNAi in particular, has demonstrated greater precision, 

efficiency, and stability compared to antisense technology approaches. Both technologies have been 

successfully applied to improve crop traits, including nutritional quality, allergen and toxin reduction, 

enhanced resistance to biotic and abiotic stresses, morphological changes, male sterility, secondary 

metabolite production, and seedlessness. While these advancements present promising solutions for crop 

improvement, they also raise biosafety concerns. Therefore, thorough risk assessments are essential to 

ensure the safe deployment of genetically modified (GM) crops. This review highlights the applications, 

benefits, and challenges of RNAi and Antisense technologies in crop enhancement. 
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1.  INTRODUCTION  

 

In the ongoing effort to combat global food security challenges, scientists have 

increasingly turned to advanced molecular techniques, specifically RNA interference (RNAi) 

and antisense technology, as powerful tools for crop improvement. These biotechnological 

approaches enable precise regulation of gene expression, fostering the development of desirable 

traits in crop plants. Traditional plant breeding methods, while foundational, are time-

consuming, labor-intensive, and face hindrance due to complications such as linkage drag. 

Moreover, they are proving insufficient in addressing the rapidly growing global population, 

which currently stands at around 7.7 billion and is projected, according to Rajam, 2020, to reach 

9.7 billion by 2050. Over the past two decades, biotechnological approaches and techniques 

have gained much attention as a more efficient, precise, and reliable alternative for crop-traits 

improvement (Choudhary et al., 2018). Among the most effective strategies are RNA 

interference (RNAi) and antisense technology, both of which offer significant potential for 

sustainable crop production with more infinitesimal environmental impact (Zhang et al., 2017; 

Alamalakala et al., 2018; Niu et al., 2021; Secic and Kogel, 2021). These biotechnologies 

involve a multi-step process: identifying target gene(s), designing RNAi constructs or antisense 

constructs, integrating them into vectors, transforming the plant, and finally screening and 

evaluating the resulting traits (Bruening and Lyons, 2000). 

RNA interference is a naturally occurring, evolutionarily conserved defense mechanism 

that uses double-stranded RNA (dsRNA) to silence specific genes by degrading messenger 

RNA (mRNA). It functions both through host-induced and spray-induced gene silencing, to get 

at pests and pathogens and to regulate plant gene expression (Sang and Kim, 2020). Today, 

molecular approaches such as molecular breeding, antisense RNA technology, crop gene 

editing, and genetic transformation are among the most accepted and effective techniques in 

crop improvement (Afzal et al., 2020; Zaidi et al., 2019).  

Genome editing tools like Zinc-Finger Nucleases (ZFNs), Transcription Activator-Like 

Effector Nucleases (TALENs) and CRISPR/Cas9, have enabled rapid and precise modification 

of gene functions, leading to the development of crops with enhanced disease resistance (Gaj 

et al., 2013; Bezie et al., 2020).  

The attention of this article is centrally on RNA interference and Antisense technology. 

These mechanisms function by using small RNAs to interfere with mRNA translation, 

effectively suppressing gene expression. While small interfering RNAs (siRNAs) guide the 

degradation of RNA through the RNAi pathway, microRNAs (miRNAs) regulate gene 

expression by controlling translation (Ferguson, 2020). 

In RNAi, the introduction of double-stranded RNA into a eukaryotic cell activates the 

gene silencing mechanism. While most cellular RNAs are single-stranded and inert, dsRNA 

with self-complementary regions can initiate silencing (Montgomery et al., 1998; Fire et al., 

1998). Gene silencing may also occur through co-suppression or quelling, where dsRNA 

formed from transgene constructs, consisting of both sense and antisense strands, triggers the 

RNAi pathway. Specific targeting of mRNA for silencing can be achieved by introducing 

corresponding dsRNA into the cell (Timmons and Fire, 1998; Wesley et al., 2001). For long-

lasting effects, transgenes that produce RNA capable of forming hairpin structures, often 

referred to as RNAi constructs, are introduced into the plant genome. Another strategy is virus-

induced gene silencing, where plant viruses are engineered to carry fragments of target genes. 

During viral replication, dsRNA regions may form due to self-complementary sequences, 
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triggering the host’s RNA silencing machinery, which targets the viral genome along with the 

inserted host gene fragment (Ruiz et al., 1998; Ratcliff et al., 2001).  

Silenced RNAs are either degraded or prevented from translation. The silencing process 

is initiated by dsRNA or hairpin-structured RNA (hpRNA), which is recognized by DICER or 

DICER-like enzymes. These enzymes, along with Argonaute (AGO) proteins, cleave the 

dsRNA into small RNAs (20–24 nucleotides in length). One strand of the resulting duplex is 

incorporated into an RNA-Induced Silencing Complex (RISC), which is then guided to a 

complementary RNA strand. The AGO protein cleaves the target RNA at a central position 

(usually between nucleotides 10 and 11) of the small RNA (Baulcombe, 2004; Ender and 

Meister, 2010). Key components of the process include RISC (RNA-induced silencing 

complex), RISC* (activated RISC), AGO (Argonaute proteins), and RdRP (RNA-dependent 

RNA polymerase). The specificity of RNA interference depends on the sequence of the dsRNA, 

making it a highly targeted approach. In plants, animals, and fungi, various RNA silencing 

mechanisms are now well understood. At least three main RNAi-related mechanisms operate 

in plants, all initiated by dsRNA that is processed into short silencing RNAs: 

a) Short interfering RNAs (siRNAs) – These degrade complementary mRNA to protect 

against viruses. 

b) MicroRNAs (miRNAs) – These bind endogenous mRNAs, leading to their degradation 

or translation inhibition. 

c) DNA-targeting siRNAs – This variant targets DNA itself, affecting transcription rather 

than post-transcriptional processes (Marie et al., 2023). The discovery and development 

of RNAi have significantly advanced the fields of genetic engineering and functional 

genomics, offering transformative potential for global agriculture. 

 

RNAi constructs are typically designed to express self-complementary sequences 

homologous to the target gene in the form of hairpin RNA (hpRNA). The incorporation of a 

spacer sequence, usually an intron, between the complementary regions results in intron-hairpin 

RNA (ihpRNA), which enhances RNAi efficiency (Wesley et al., 2001). Tailoring RNAi 

constructs for varying degrees and patterns of gene silencing is crucial for genetic engineering 

applications. For optimal RNAi efficiency in specific plants and applications, the choice of 

vector, promoter, marker, and transformation method is essential (Saurabh et al., 2014). 

Summarily, the initial steps in the biogenesis of miRNAs and siRNAs diverge, producing 

their respective dsRNA precursors. Subsequently, both types of small RNAs are generated via 

the cleavage of these dsRNA precursors by Dicer or Dicer-like enzymes, members of the RNase 

III family of dsRNA-specific endonucleases (Bernstein et al., 2001; Hutvagner et al., 2001). 

These small non-coding RNAs (miRNAs and siRNAs), in association with RISC, AGO, and 

other effector proteins, ultimately mediate gene silencing. In genetically transformed plants, the 

expression of both sense and antisense gene sequences along with a spacer produces ihpRNA.  

The potential of RNAi as the most efficient tool for genetic engineering to knockdown the gene 

expression is summarized as its benefits in Table 1 below. 

Since the early 21st century, several classes of small non-coding regulatory RNAs have 

been discovered across various model organisms. MicroRNAs (miRNAs) were first identified 

in Caenorhabditis elegans as regulators of the juvenile-to-adult developmental transition (Lee 

et al. 1993; Reinhart et al. 2000). Subsequently, they were found to play a broader role in 

regulating multiple developmental processes in plants such as Arabidopsis thaliana and Zea 

mays (Wu and Poethig 2006; Wu et al. 2009; Aukerman and Sakai 2003; Chuck et al. 2007a, 
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2007b). Gene silencing through RNA interference (RNAi) can be initiated by either long 

double-stranded RNA (dsRNA) or short-hairpin RNA (shRNA) precursors, both of which share 

sequence homology with the gene targeted for silencing (Fire 1999). The presence of long 

dsRNA, whether introduced via a transgene, derived from rogue genetic elements (e.g., 

transposable or repetitive elements), or from viral sources, triggers the RNAi pathway by 

recruiting the Dicer enzyme (Bernstein et al. 2001). Dicer cleaves these dsRNA molecules into 

short fragments, approximately 21–25 base pairs in length, known as small interfering RNAs 

(siRNAs) (Hamilton and Baulcombe 1999). 

 

Table 1. Benefits of RNAi for gene silencing in plants. 

 

a) Precise: No off – target reported. But may affect the feedback loops. 

b) Efficient: CSIRO plant Industry has reported that 70 – 100% of transformed 

plant show the silencing phenotype. 

c) User friendly: Employs several user – friendly tools available to perform 

RNAi in plants. 

d) High throughput: High – throughput vectors are designed to make an 

hpRNAi construct 

e) Stable: hpRNAi has been shown to be stably inherited over several 

generations 

f.) Flexible: Individual or multiple genes can be silenced with single construct. 

Allen et al. (2004) have shown effective silencing of two genes from one 

hpRNAi construct. 

g) Better than antisense: the highest silencing achieved with antisense 

construct has been reported by Wesley et al. 2001, as being as good as the least 

silenced plant with hpRNAi. 

 

 

Antisense technology on the other hand, is among the most established approaches for 

silencing specific genes; and it holds wide-ranging applications in crop improvement, treatment 

of genetic disorders, viral resistance, and gene regulation. In this method, the sense strand refers 

to the 5' to 3' mRNA or DNA molecule, while its complementary strand is termed the antisense 

strand. Antisense molecules function by hybridizing to the corresponding sense strand via 

hydrogen bonding. The resulting double-stranded complex is recognized as foreign and targeted 

for degradation.  

Although DNA can also be used in antisense strategies, resulting in the formation of a 

triplex helix (Rakoczy, 2001), RNA antisense strands, typically around 13 bases in length, are 

more effective. These may be either catalytic (ribozymes) or non-catalytic. Ribozymes cleave 

specific RNA targets, while non-catalytic antisense RNAs inhibit RNA processing and are more 

widely used than their DNA counterparts. Antisense molecules can interfere with gene 

expression at three cellular stages. The first is transcription, although current evidence for 

antisense interference at this stage is limited. The second stage involves RNA processing. When 

an antisense strand binds its sense counterpart, a duplex is formed; however, RNA–RNA 

duplexes are inherently unstable and prone to rapid degradation by nucleases.  
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This instability may explain the lack of direct evidence for duplex formation, as the hybrid 

degrades quickly, rendering the mRNA unavailable for translation. The third and most 

prominent stage is translation inhibition. Here, antisense strands compete with ribosomes for 

binding to the sense RNA. Effective inhibition requires that the antisense strand binds the target 

mRNA before the ribosome can initiate translation. To construct antisense RNA, the orientation 

of the gene is reversed relative to its promoter, ensuring that the antisense strand is transcribed. 

This antisense RNA binds to the target mRNA and activates RNase H, an enzyme that degrades 

the mRNA, thereby preventing the production of the encoded protein. 

The antisense technology is based on the principle of inserting a gene in reverse 

orientation into a vector. Since the mechanism obstructs translation, it is stoichiometric, 

preventing the synthesis of the targeted gene product. The process involves hybridization 

between sense and antisense RNA strands to form double-stranded RNA, which is rapidly 

degraded by ribonucleases, blocking gene expression. Additionally, antisense RNA may 

prevent ribosomal binding to the sense strand, further inhibiting translation. Simply put, the 

introduction of a complementary oligonucleotide into a cell can bind a specific mRNA to form 

a cytoplasmic RNA dimer. This prevents access to the ribosome, and the dimer is subsequently 

degraded by ribonucleases, effectively silencing the gene. 

 
Fig. 1. Schematic representation of the basic mechanism of Antisense technology. 

 

 

RNAi when compared with Antisense technology reveals that it is a more complex 

process, as shown in table 2 below. 
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Table 2. RNAi vs Antisense. 

 

RNAi ANTISENSE 

RNAi technology involves degradation of 

mRNA by small interfering RNAs triggering 

catalytic gene silencing. 

In Antisense technology mRNA is degraded 

by RNase H. 

Works in a little bit more complex manner, 

undergoing several procedures, producing 

proteins and RISC. 

It is much basic in terms of the number of 

nucleotide sequence required, about 20 

nucleotides maximum and antisense can 

easily bind that and degraded by RNase H, an 

endonuclease.  

Requires specific protein for enzyme to 

degrade, e.g. DICER 
RNase is unspecific nuclease kind of enzyme. 

RNAi depends on the template RNA which 

are much longer twice compared to (15 – 20) 

of Antisense. 

A few numbers of templates can be easily 

introduced into the organism of choice. 

Prevention by Antisense is to block protein 

synthesis via mRNA degradation. The 

problem is as it targets mRNA, there are 

many copies of mRNA produced from 

specific gene; hence high concentration of 

Antisense is required. 

(Wesley et al., 2001). 

 

 

Antisense RNA can be classified into three categories based on their regulatory 

mechanisms: Class I antisense RNAs are directly complementary to the coding regions of the 

target mRNA. Their binding to the target mRNA leads to either its destabilization or direct 

inhibition of translation. Class II antisense RNAs bind to the non-coding regions of the target 

RNA, causing indirect effects. These include the formation of alternative secondary structures 

that sequester or obscure the ribosome binding sites, thereby inhibiting translation. Class III 

antisense RNAs regulate transcription of the target mRNA through mechanisms similar to 

transcriptional attenuation. 

A clearer distinction between RNA interference (RNAi) and Antisense technology lies in 

their mechanisms of action. RNAi can be triggered either exogenously by introducing double-

stranded RNA (dsRNA) or endogenously, to regulate gene expression. In contrast, antisense 

technology involves the artificial introduction of a single-stranded antisense RNA that targets 

the complementary sense strand already present in the target cell. In RNAi, both sense and 

antisense strands are introduced as dsRNA, whereas in antisense technology, only the antisense 

strand is introduced.  

Additionally, RNAi is considered a more complex process. Antisense technology, on the 

other hand, is more direct and comparatively simpler. RNAi has been shown to be more 

effective than antisense technology. For instance, the highest level of gene silencing achieved 

using antisense constructs was equivalent to the lowest silencing level observed with hairpin 

RNAi (hpRNAi) (Wesley et al., 2001). RNAi achieves gene silencing by mRNA degradation 
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through small interfering RNAs (siRNAs), which initiate catalytic gene silencing. Moreover, 

RNAi utilizes template RNAs that are significantly longer than the 15–20 nucleotide sequences 

typically used in antisense technology (Cheryl, 2016). Despite these differences, both RNAi 

and antisense technologies serve the same ultimate purpose, gene expression inhibition, and are 

widely used in reverse genetics for studying gene function. 

 

 

2.  APPLICATIONS OF ANTISENSE AND RNAi TECHNOLOGY 

2. 1. Antisense Technology in Crop Improvement 

Antisense RNA and RNA interference techniques are extensively used to develop crops 

with desirable traits such as resistance to insects, nematodes, and various pathogens (Ali, Datta 

and Datta, 2010; Auer and Frederick, 2009). These small RNA technologies have contributed 

to a paradigm shift from the traditional “one gene–one protein” concept, highlighting the 

significant role even non-coding DNA can play in cellular function and organism development 

(Auer and Frederick, 2009). 

 

2. 1. 1. Extended Shelf Life (Flavr Savr Tomato) 

 

 
 

Fig. 2. Enhanced shelflife: the making of  Flavr  Savr Tomato 

http://www.google.com/imgres?q=Flavr+Savr+Antisense technology 

http://www.google.com/imgres?q=Flavr+Savr+Antisense%20technology
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Both antisense technology and RNA interference have been used to enhance the shelf life 

of crops by suppressing genes associated with spoilage. This advancement helps reduce food 

waste and ensures a consistent supply of fresh produce. A prominent example is the 

development of the Flavr Savr tomato, which was achieved through antisense inhibition of the 

polygalacturonase (PG) gene. This gene encodes an enzyme responsible for the degradation of 

the cell wall during fruit ripening. By inhibiting this enzyme, the shelf life of the tomato was 

significantly improved. Antisense technology has also been applied to potato crops to reduce 

tuber discoloration after bruising (Kramer and Redenbaugh, 1994; Burning and Lyons, 2000). 

 

2. 1. 2. Artificial Antisense RNA Regulation of Gene Expression 

Artificial modulation of gene expression using antisense RNA has been demonstrated in 

both plants and animals. To optimize conditions for effective antisense RNA-mediated 

regulation, researchers targeted various lengths and regions of the sense gene for β-

galactosidase. Key findings from the study include: 

1) Effective antisense RNA must be complementary to the 5' region of the sense mRNA 

and contain a functional ribosome binding site at the 5' end. 

2) The molar ratio of antisense to sense RNA typically ranges from 60:1 to 600:1. 

3) In rare cases, a 1:1 molar ratio may be sufficient (Rehman et al., 2024). 

 

2. 1. 3. Virus Resistance via Antisense RNA 

Antisense RNA technology has also been employed to reduce viral accumulation in 

plants. Notable examples include effective resistance against potato virus X (PVX), tobacco 

mosaic virus (TMV), and cucumber mosaic virus (CMV). 

 

2. 2. Applications of RNAi Technology in Crop Improvement 

2. 2. 1. Plant Pathogen and Pest Control 

Gene silencing of plant pathogens and pests has shown promise in agricultural 

biotechnology. For example, researchers developed an RNAi-based plasmid containing an 

interference cassette that generates dsRNAs targeting a novel v-ATPase transcript in whitefly 

(Bemisia tabaci), a major pest in tropical and subtropical regions. This technology paves the 

way for creating commercial whitefly-resistant crops, contributing to sustainable agriculture. 

 

2. 2. 2. Seedless Fruit Development 

Phytohormones are crucial in regulating flowering, fertilization, and fruiting. 

Parthenocarpy is valuable when pollination is compromised by extreme conditions, ensuring 

stable yields. Seedless fruits often exhibit improved texture and shelf life, as observed in 

watermelon and eggplant (Pandolfini, 2009). In watermelon, seeds are a primary source of fruit 

deterioration, and replacing them with edible tissue enhances value for consumers and the food 

industry (Varoquaux et al., 2000). 

 

2. 2. 3. Male Sterility and Fertility Restoration 

Male sterility is a vital trait for hybrid seed production. Both conventional and genetic 

engineering approaches, including RNA interference, have been employed to induce pollen 
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abortion in crops like tobacco and tomato. RNAi can also restore fertility in male-sterile plants 

(Nizampatnam and Kumar, 2011; Meena et al., 2017). 

 

2. 2. 4. Biofortification 

More than two-thirds of the global population lacks essential dietary minerals (White and 

Broadley, 2009). RNAi technology enables biofortification of crops like tomatoes with 

antioxidants (Niggeweg et al., 2004) and essential minerals such as Zn, Mg, Cu, Se, and Fe. 

This can be achieved through genetic engineering and transient expression systems like agro-

infiltration and virus infection (Obembe et al., 2011). Molecular pharming, focused on 

producing therapeutic compounds and nutraceuticals, holds significant promise. 

 

2. 2. 5. Allergen and Toxin Elimination 

Food allergies, often triggered by common foods such as peanuts and mangoes, can be 

mitigated through RNAi by silencing genes responsible for allergen synthesis. For instance, 

cassava plants have been modified to reduce linamarin content (Siritungam and Sayre, 2003). 

Moreso, RNAi has been used to suppress cytochrome P450 enzymes in cassava, significantly 

reducing cyanogenic glucoside levels (Jørgensen et al., 2005). 

 

2. 2. 6. Altered Phenotype 

Trait modification in ornamental plants, such as altering flower color, shape, and plant 

architecture, has long been practiced. Such changes can also enhance crop yield, as in the case 

of dwarf rice (Montgomery et al., 1998). 

 

2. 2. 7. Altered Flower Colour and Scent 

With growing demand for ornamental flowers, RNAi has been used to modify flower 

color and scent. Studies showed that RNAi-induced reduction of polyacylated anthocyanins 

alters flower pigmentation (Seitz et al., 2007; Nakatsuka et al., 2010). 

 

2. 2. 8. Defence Improvement 

RNAi has progressed from greenhouse research to field applications, revealing its 

potential in improving plant defense mechanisms against biotic stressors such as pests and 

diseases (Hollomon, 2012). 

 

2 .2. 9. Parasitic Weed Resistance 

Parasitic weeds significantly reduce crop yields. Conventional control methods have 

limitations, but RNAi technology offers a promising alternative. Maize variety resistant to 

Striga asiatica was developed using hpRNA-mediated RNAi (de Framond et al., 2007; Yoder 

et al., 2009). 

 

2. 3. Insect and Nematode Resistance 

Insects cause major agricultural losses. RNAi targeting insect-specific genes provides an 

eco-friendly pest control solution (Ferry et al., 2006; Gordon and Waterhouse, 2007). Similarly, 

nematode resistance has been achieved by expressing dsRNAs in host plants that silence 
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parasitism genes (Gheysen and Vanholme, 2007). Huang et al. (2006) showed cross-species 

resistance by targeting a parasitism gene. The Meloidogyne hapla genome offers new RNAi 

targets (Opperman et al., 2008). 

 

2. 3. 1. Virus Resistance 

Pathogen-derived resistance (PDR) is a highly effective strategy for virus-resistant crops 

(Simón-Mateo and García, 2011). Additionally, artificial miRNAs targeting multiple viral gene 

regions confer broad-spectrum resistance against tospoviruses in tomatoes (Bucher et al., 

2006). 

 

2. 3. 2. Bacterial Resistance 

Fast-spreading bacterial diseases require preventative strategies. In Arabidopsis thaliana, 

silencing bacterial genes iaaM and ipt drastically reduced crown gall formation (Escobar et al., 

2001; Dunoyer et al., 2006). 

 

2. 3. 3. Fungal Resistance 

RNAi-enhanced crops have shown resistance to fungi. For instance, 24 miRNAs 

responsive to powdery mildew in wheat were identified, regulating 149 potential target genes 

(Xin et al., 2010). 

 

2. 3. 4. Abiotic Stress Tolerance 

Initially, transgenic crops targeted pest and herbicide resistance (Shewry et al., 2008). 

miRNAs now play broader roles in nutrient balance, development, and abiotic stress responses 

(Xin et al., 2010). Genome-wide miRNA identification via high-throughput sequencing is key 

to understanding their regulatory functions (Wang et al., 2011b). 

 

2. 3. 5. Biotic Stress Resistance 

RNAi, antisense RNA, and lncRNA technologies help mitigate crop losses from viruses, 

bacteria, fungi, nematodes, and insects by improving plant immunity (Xin Zhang et al., 2018). 

 

 

3.  FUTURE PROSPECTS 

 

With global food demands rising due to population growth projected at 9.7 billion by 

2050 (Rajam, 2020), sustainable agricultural development is imperative (Saurabh et al., 2014; 

Molesini et al., 2012). Climate change exacerbates these challenges (Jin Xu et al., 2019), but 

metabolic and genetic engineering offer viable solutions. Carbohydrates and lignin can yield 

valuable intermediates (Cherubini, 2010), and lipids can provide omega-3 fatty acids (Octave 

and Thomas, 2009). RNAi can redirect plant metabolic pathways toward beneficial products 

and away from harmful compounds, improving nutraceutical content (Small, 2007; Vaucheret, 

2006; Martino-Catt and Sachs, 2008; Newell-McGloughlin, 2008). RNAi may also help inhibit 

photorespiration in C3 plants, delay senescence, or induce early flowering. Emerging gene-

editing tools such as ZFNs, TALENs, and CRISPR-Cas systems are revolutionizing crop 

improvement (Bezie et al., 2020; Afzal et al., 2020; Zaidi et al., 2019). 
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4.  CONCLUSION 

 

Malnutrition affects millions globally, especially in developing nations (WHO, 2000; 

FAO, 2000). Biofortified crops enriched with essential nutrients can address this problem. 

Developing stress-tolerant, pest- and disease-resistant plants is crucial for food security. Despite 

concerns regarding antibiotic markers and biosafety, RNAi and antisense technologies offer 

transformative potential. Comprehensive risk assessments are necessary to ensure safe 

application (Ravi and Singh et al., 2020). Ultimately, RNAi and antisense RNA technologies 

represent powerful tools in functional genomics and crop biotechnology (Li et al., 2008a), with 

the capacity to significantly boost global agricultural productivity. 

 

 

References 

 

[1] Afzal, S; Sirohi,P; and Singh, N.K. (2020). A review of CRISPR associated genome 

Engineering: Application, advances and future prospects of genome targeting tool for 

crop improvement, Biotechnology Letters, 42, 1611-1632 

[2] Alamalakala, L; Parimi, S; Patel, N; Char, B. R. (2018). Insect RNAi: integrating a new 

tool in the crop protection toolkit. Trends in insect Molecular Biology and 

Biotechnology, 193-232 

[3] Ali, N; Datta, S.K; and Datta, K.(2010). RNA interference in designing transgenic 

crops. GM Crops, 1(4), 207-213 

[4] Allen, R. S., Millgate, A. G., Chitty, J. A., Thisleton, J., Miller, J.A. C., Fist, A. J., 

Gerlach, W. L. and Larkin, P. J. (2004). RNAi mediated replacement of morphine with 

the non narcotic alkaloid reticuline in opium poppy. Nature Biotechnology, 22: 1559–

1566 

[5] Auer,C; and Fredrick,R. (2009). Crop improvement using small RNAs: Application and 

predictive Ecological risk assessments. Trends in Biotechnology, 27(11), 644-651 

[6] Aukerman, M.J and Sakai, H. (2003). Regulation of flowering time and floral organ 

identity by a microRNA and its APETALA2-Like target genes. Plant Cell, 15, 2730-

2741 

[7] Baulcombe, D. (2004). RNA silencing in plants. Nature, 431: 356-363 

[8] Bernstein, E., Caudy, A. A., Hammond, S.M. and Hannon, G.J. (2001). Role for a 

bidentate ribonuclease in the initiation step of RNA interference. Nature, 409: 363–366 

[9] Bezie, Y; Tilahun,T; Atnaf, M; and Taye,M. (2020). The potential Applications of site-

directed mutagenesis for Crop Improvement: A review. Journal of Crop Science and 

Biotechnology, 23(5), 1-16 

[10] Bruening, G, and Lyons, J. M. (2000). Then case of the FLVR SAVR Tomato. 

California Agriculture, 54 (4): 6-7 

[11] Bucher, E., Lohius, D., van Poppel, P.M., Geerts-Dimitriadou, C., Goldbach, R. And 

Prins, M. (2006).  Multiple virus resistance at a high frequency using a single transgene 

construct. Journal of General Virology, 87: 697–701 



World News of Natural Sciences 65 (2026) 146-161 

 

 

-157- 

[12] Cherubini, F. (2010).  The biorefinery concept: using biomass instead of oil for 

producing energy and chemicals. Energy Conversion Management, 51: 1412–1421 

[13] Cheryl, J. (2016). RNA therapeutics: RNAi and Antisense mechanisms and clinical 

applications. Postdoc Journal, 4(7): 35-50 

[14] Choudhary, S; Jain, D; Meena, M. R; Verma, A.K; Sharma, R. (2018). Gene Silencing 

in Horticultural Transgenic Crops. Genetic Engineering of Horticultural Crop, 47-61 

[15] Chuck, G., Cigan, A.M., Saeteurn, K. and Hake, S. (2007a). The heterochronic maize 

mutant Corngrass1 results from overexpression of a tandem microRNA. Nature 

Genetics, 39: 544–549 

[16] Chuck, G., Meeley, R., Irish, E., Sakai, H. and Hake, S. (2007b). The maize tasselseed4 

microRNA controls sex determination and meristem cell fate by targeting 

Tasselseed6/indeterminate spikelet1. Nature Genetics, 39: 1517–1521 

[17] Curtin, S.J; Voytas, D. F; and  Stupar, R.M. (2012). Genome Engineering of Crops with 

designer Nucleases. Plant Genome, 5, 42-50 

[18] De Framond, A., Rich, P.J., McMillan, J. and Ejeta, G. (2007). Effects of Striga 

parasitism of transgenic maize armed with RNAi constructs targeting essential S. 

asiatica genes. In: Ejeta G, Gressel J (ed) Integrating new technologies for striga 

control. World Scientific Publishing Co. Singapore Press, 185–196 

[19] Dunoyer, P., Himber, C. and Voinnet, O. (2006). Induction, suppression and 

requirement of RNA silencing pathways in virulent Agrobacterium tumefaciens 

infections. Nature Genetics, 38: 258-263 

[20] Escobar, M.A., Civerolo, E.L., Summerfelt, K.R. and Dandekar, A.M. (2001) .RNAi-

mediated oncogene silencing confers resistance to crown gall tumorigenesis. 

Proceedings of  National Academy of Science USA, 98: 13437–13442 

[21] Ferguson, C.M; Echeverria, D; Hassler, M; Ly, S; and Khorova, A. (2020). Cell type 

impacts accessibility of mRMA to silencing by RNA interference. Molecular Therapy. 

Nucleic Acids, 21, 384-393 

[22] Ferry, N., Edwards, M.G., Gatehouse, J., Capell, T., Christou, P., Gatehouse, A.M.R. 

(2006) .Transgenic plants for insect pest control a forward looking scientific 

perspective. Transgenic Research, 15: 13–19 

[23] Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E. and Mello, C.C.( 1998). 

Potent and specific genetic interference by double – stranded RNA in Caenorhabditis 

elegans. Nature, 391: 806-811 

[24] Fire, A. (1999). RNA-triggered gene silencing. Trends in Genetics, 15: 358-363 

[25] Gaj, T., Gersbach, C.A. and Barbas, C.F.  (2013). ZFN, TALEN, and CRISPR/Cas-

based methods for genome engineering. Trends in Biotechnology, 31: 397–405 

[26] Gheysen ,G. and Vanholme, B. (2007). RNAi from plants to nematodes. Trends in 

Biotechnology, 25: 89–92 



World News of Natural Sciences 65 (2026) 146-161 

 

 

-158- 

[27] Godfray, H.C.J., Beddington, J.R., Crute, I.R, Haddad, L., Lawrence, D., Muir, J.Z., 

Pretty, J., Robinson, S., Thomas, S.M. and Toulmin, C. (2010) Food security: the 

challenge of feeding 9 billion people. Science, 327: 812–818 

[28] Gordon, K.H.J, Waterhous, P.M. (2007). RNAi for insect-proof plants. Nature 

Biotechnology, 25: 1231–1232 

[29] Hamilton, A.J., Baulcombe, D.C .(1999). A species of small antisense RNA in 

posttranscriptional gene silencing in plants. Science, 286: 950–952 

[30] Hollomon, D.W. (2012). Do we have the tools to manage resistance in the future? Pest 

Management Science ,68: 149–154 

[31] Huang, G., Allen, R., Davis, E.L., Baum, T.J. and Hussey, R.S. (2006). Engineering 

broad root-knot resistance in transgenic plants by RNAi silencing of a conserved and 

essential root-knot nematode parasitism gene. Proceedings of National Academy of  

Science USA, 103: 14302–14306 

[32] Huntzinger, E. and Izaurralde, E. (2011) .Gene silencing by microRNAs: contributions 

of translational repression and mRNA decay. Nature Reviews Genetics, 12 :99–110 

[33] Hutvagner ,G., McLachlan ,J., Pasquinelli, A.E., Balint, E., Tuschl, T. and Zamore, P.D. 

(2001). A cellular function for the RNA-interference enzyme Dicer in the maturation of 

the let-7 small temporal RNA. Science, 293: 834–838 

[34] Jin, K ; You, Q, M; Khare, T; Verma, S.K; and Kumar, V. (2019). Exploring miRNAs 

for developing Climate-resilient crops: A perspective Review. Science of the total 

Environment, 653, 91-104 

[35] Jørgensen, K., Bak, S., Busk, P.K., Sørensen, C., Olsen, C.E., Puonti-Kaerlas, J.and 

Moller, B.L. (2005). Cassava plants with a depleted cyanogenic glucoside content in 

leaves and tubers. Plant Physiology, 139: 363–374 

[36] Kamthan, A; Chaudhari, A; Kamthan, M; and Datta, A. (2015). Small RNAs in Plants: 

Recent Development and Application for Crop Improvement. Frontier of Plant Science. 

Vol. 6 – 2015. https://doi.org/10.3389/fpls.2015.00208 

[37] Kramer, M.G; and Redenbaugh, K. (1994). Commercialization of Tomatoe with an 

Antisense polygalacturonase Gene: The FLAVR SAVR™ Tomatoe story. Euphytica, 

79: 293-297 

[38] Lee, R.C ;Feinbaum, R.L; and Ambrose, V. (1993). The C. elegans heterochronic gene 

lin-4 encodes small RNAs with Antisense complementarity to lin-14. Cell, 75, 843-854 

[39] Li, J., Brunner, A.M., Shevchenko, O., Meilan, R., Ma, C., Skinner, J.S. and Strauss, 

S.H. (2008a). Efficient and stable transgene suppression via RNAi in field-grown 

poplars. Transgenic Research, 17: 679–694 

[40] Mamta, B; Rajam, M.V. (2017). RNAi technology: a new platform for crop pest 

control. Physiology of Molecular Biology of Plants. 23, 487-501 

[41] Marie,I; Martin, J.S ; Rainer, S; Christian, G; Elene, D, B; and Reme, M.R. (2023). 

Basic principles of RNA interference: Nucleic Acid Types and in-vitro intracellular 

Delivery Methods. Micromachines, 14(7), 1321 



World News of Natural Sciences 65 (2026) 146-161 

 

 

-159- 

[42] Meena, A.K; Verma, L.K; and Kumhar, B.L. (2017). RNAi; its mechanism and 

potential use in Crop Improvement: A review. International Journal of Pure and 

Applied Bioscience, 5(2), 294-311 

[43] Martino-Catt, S. and Sachs, E.S. (2008). Editors choice series: the next generation of 

biotech crops. Plant Physiology, 147: 3-5 

[44] Mittler, R. and Blumwald, E. (2010). Genetic engineering for modern agriculture: 

challenges and perspectives. Annual Review in  Plant Biology, 61: 443–462 

[45] Montgomery, M.K, Xu, S. and Fire,A.(1998). RNA as a target of double- stranded 

RNA- mediated genetic interference in Caenorhabditis elegans. Proceedings in National 

Academy of Science, USA. 22, 95(26) 15502-7 

[46] Molesini, B., Pii, Y. and Pandolfini, T. (2012). Fruit improvement using intragenesis 

and artificial microRNA. Trends in Biotechnology, 30: 80–88 

[47] Nakatsuka, T., Mishiba, K.I., Kubota, A., Abe, Y., Yamamura, S., Nakamura, N., 

Tanaka, Y. and Nishihara, M. (2010). Genetic engineering of novel flower colour by 

suppression of anthocyanin modification genes in gentian. Journal of Plant Physiology, 

167: 231–237 

[48] Newell-McGloughlin, M. (2008). Nutritionally improved agricultural crops. Plant 

Physiology, 147: 939-953 

[49] Niggeweg, R., Michael, A.J, and Martin, C. (2004). Engineering plants with increased 

levels of the antioxidant chlorogenic acid. Nature Biotechnology, 22: 746–754 

[50] Niu, D; Hamby, R; Sanchez, J. N; Cai, Q; Yan, Q; and Jin, H. (2021). RNAs - a New 

Frontier in Crop protection. Current Opinion in Biotechnology, 70, 204-212 

[51] Nizampatnam, N.R. and Kumar, V.D. (2011). Intron hairpin and transitive RNAi 

mediated silencing of orfH522 transcripts restores male fertility in transgenic male 

sterile tobacco plants expressing orfH522. Plant Molecular Biology, 76: 557–573 

[52] Obembe, O.O., Popoola, J.O., Leelavathi, S. and Reddy, S.V. (2011). Advances in plant 

molecular farming. Biotechnology Advances, 29: 210–222 

[53] Octave, S. and Thomas, D. (2009). Biorefinery: toward an industrial metabolism. 

Biochimie Journal, 91: 659–664 

[54] Oppermana, C.H., Bird, D.M., Williamson, V.M., Rokhsar, D.S., Burke, M., Cohn, J., 

Cromer, J., Diener, S., Gajan, J., Graham, S., Houfek, T.D., Liu, Q., Mitros, T., Schaff, 

J., Schaffer, R., Scholl, E., Sosinski, B.R., Thomas, V.P. and Windham, E. (2008).  

Sequence and genetic map of Meloidogyne hapla: a compact nematode genome for 

plant parasitism. Proceedings of  National Academy of Science USA, 105: 14802–21480 

[55] Pandolfini, T. (2009). Seedless fruit production by hormonal regulation of fruit set. 

Nutrients, 1: 168-177 

[56] Rakoczy, P.E. (2001). Antisense DNA Technology methods Mol. Med, 47: 89-104 

[57] Ratcliff, F., Martin – Hernandez ,A. M. and Baucombe, D. C. (2001). Tobacco rattle 

virus as a  vector for analysis of gene function by silencing. Plant Journal, 25: 237-245 



World News of Natural Sciences 65 (2026) 146-161 

 

 

-160- 

[58] Rajam, M.V. (2020). RNA Silencing technology: A boon for Crop Improvement. 

Journal of Bioscience, 45(1), 1-5 

[59] Rehman,S.U; Ullah, N; Zhang, Z; Zhen, Y; Don, A-U; Cui, H; and Wang,V. M. (2024). 

Recent insights into the functions and mechanisms of Antisense RNA: Emerging 

Applications in Cancer therapy and precision medicine. Frontiers in Chemistry, 11: 

1335330 

[60] Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E., Bettinger, J.C., Rougvie, A.E., 

Horvitz, H.R. and Ruvkun, G. (2000). The 21-nucleotide let-7 RNA regulates 

developmental timing in Caenorhabditis elegans. Nature, 403: 901–906 

[61] Riley, K.J., Yario, T.A. and Steitz, J.A. (2012). Association of Argonaute proteins and 

microRNAs can occur after cell lysis. RNA Journal, 18: 1581–1585 

[62] Ruiz, M. T., Voinnet, O. and Baulcombe, D. C. (1998). Initiation and maintenance of 

virus – induced gene silencing. Plant Cell, 10: 937-946 

[63] Sang, H; and Kim, J. I. (2020). Advanced strategies to control Plant pathogenic Fungi 

by host-induced gene silencing (HIGS) and Spray-induced Gene Silencing (SIGS). 

Plant Biotechnology Reports, 14:1, 1-8 

[64] Saurabh, S; Vidyarthi, A.S; and Prasad, D. (2014). RNA interference: Concept to reality 

in crop improvement. Planta, 239(3), 543-564 

[65] Secic, E; Kogel, K.H; and Ladera-Carmona, M.J. (2021. Biotic Stress-associated 

microRNA families in plants. Journal of Plant Physiology, (263), 153451 

[66] Seitz, C., Vitten, M., Steinbach, P., Hartl, S., Hirsche, J., Rathje, W., Treutter, D. and 

Forkmann, G. (2007). Redirection of anthocyanin synthesis in Osteospermum hybrida 

by a two-enzyme manipulation strategy. Phytochemistry, 68: 824-833 

[67] Shewry, P.R., Jones, H.D. and Halford, N.G. (2008). Plant biotechnology: transgenic 

crops. In: Stahl U, Donalies UEB, Nevoigt E (eds) Advances in biochemical 

engineering and biotechnology-food biotechnology. Springer, Berlin, 149–186 

[68] Simón-Mateo, C. and García, J.A. (2011). Antiviral strategies in plants based on RNA 

silencing. Biochemical and  Biophysics Acta, 1809: 722–731 

[69] Singh, R. K; Krishnamachari, A; and Sharaff, M. (2020). Challenges of small RNA 

technology. In Praveen Guleria, Vineet Kumar (Ed's), Plant small RNA, 545-565 

[70] Siritungam, D. and Sayre, R. (2003). Generation of cyanogen-free transgenic cassava. 

Planta, 217: 367–373 

[71] Small, I. (2007). RNAi for revealing and engineering plant gene functions. Current 

Opinion in  Biotechnology, 18: 148–153 

[72] Timmons , L. and Fire, A. (1998). Specific interference by ingested dsRNA. Nature, 

395: 854 

[73] Varoquaux, F., Blanvillain, R., Delseny, M. and Gallois, P. (2000). Less is better: new 

approaches for seedless fruit production. Trends in Biotechnology, 18: 233–242 



World News of Natural Sciences 65 (2026) 146-161 

 

 

-161- 

[74] Vaucheret, H.(2006). Post-Transcriptional small RNA pathway in Plants mechanisms 

and Regulations. Genes and Development, 20, 759-771 

[75] Wang, M., Abbott, D. and Waterhouse, P.M. (2000). A single copy of a virus derived 

transgene encoding hairpin RNA gives immunity to barley yellow dwarf virus. 

Molecular Plant Pathology, 1: 401–410 

[76] Wang, T; Chen, L; Zhao,cM; Tian, Q; and Zhang, W.H. (2011b). Identification of 

drought responsive microRNAs in Medicago trumcatula by genome-wide high 

throughput sequencing. BMC Genome, 12: 367 

[77] Waterhouse, P.M., Graham, H.W. and Wang, M.B. (1998). Virus resistance and gene 

silencing in plants can be induced by simultaneous expression of sense and antisense 

RNA. Proceedings in  National Academy of Science USA, 95: 13959–13964 

[78] Wesley, S.V., Helliwell, C.A., Smith, N.A., Wang, M.B., Rouse, D.T., Liu, Q.,Gooding, 

P.S., Singh, S.P., Abbott, D., Stoutjesdijk, P.A., Robinson, S.P., Gleave, A.P., Green , 

A.G. and Waterhouse, P.M. (2001). Construct design for efficient, effective and high-

throughput gene silencing in plants. Plant Journal, 27: 581–590 

[79] White, P.J., Broadley, M.R. (2009). Biofortification of crops with seven mineral 

elements often lacking in human diets—iron, zinc, copper, calcium, magnesium, 

selenium and iodine. New Phytologist, 182: 49–84 

[80] Wu, G. and Poethig, R.S. (2006). Temporal regulation of shoot development in 

Arabidopsis thaliana by miR156 and its target SPL3. Development, 133: 3539 

[81] Wu, Y; Suhasini, A.N; and Brosh, R.M. (2009).  Welcome the family of FAMCI - like 

helicases to the block of genome stability maintenance protein. Cell Mol. Life Science, 

66(7): 1209-1222 

[82] Xin, M; Wang, Y; Yao, Y; Xie, C; Peng, H; Ni, Z; and Sun, Q. (2010). Diverse set of 

microRNAs are responsive to powdery mildew infection and heat stress in wheat 

(Triticum aestivum L.). BMC Plant Biology, 10: 123 

[83] Yoder, J.I., Gunathilake, P., Wu, B., Tomilova, N. and Tomilov, A.A. (2009). 

Engineering host resistance against parasitic weeds with RNA interference. Pest 

Management Science, 65: 460–466 

[84] Zaidi, S. S. E. A; Vanderschuren, H; Qaim, M.O; Mahfouz, M. M; Kohli, A; Mansoor, 

S; and Tester, M. (2019). New Plant Breeding Technologies for Food Security. Science, 

363(6434), 1390-1391 

[85] Zhang, J; Khan, S. A; Heckel, D.G; Bock, R. (2017). Next generation insect resistant 

plants: RNAi - mediated Crop protection. Trends in Biotechnology. 35, 871-882 


